Introduction
============

Body temperature is elevated in hyperthermia due to failed thermoregulation that occurs when a body produces or absorbs more heat than it dissipates. Extreme temperature elevation becomes a medical emergency requiring immediate treatment to prevent disability or death. It can also be deliberately induced using drugs or medical devices and may be used in the treatment of some kinds of cancer and other conditions, most commonly in conjunction with radiotherapy.

Hyperthermia uses physical methods to heat determined tissues to the temperatures in the range of 40--46 °*C* with treatment time approximately one hour \[[@B1]-[@B3]\].

Research has shown that high temperatures can damage and kill cancer cells, usually with minimal injury to normal tissues. It is proposed that by killing cancer cells and damaging proteins and structures within the cells, hyperthermia may shrink tumors to make the cells more sensitive to radiation therapy (RT) and chemotherapy \[[@B4]\]. In some cases, if the elevated temperature is utilized as the stand alone technique, tissue temperature above 48 degrees would be the objective.

Hyperthermia induces almost reversible damage to cells and tissues, but as an adjunct it enhances radiation injury of tumor cells and chemotherapeutic efficacy. Because of the results that high temperature may produce in tissues, one can refer to use of temperatures \> 50 °*C* as coagulation, 60 to 90°*C* as thermal ablation, \> 200 °*C* as charring \[[@B5]\].

However, MFH is not widely applied in clinical treatments due to the difﬁculty in the accurate determination of temperature distribution within target tissue, precise control of thermal dose, and uniform heating \[[@B6]\]. Most investigations, as well as clinical applications, have focused on the heating effects and speciﬁc absorption rates (SAR) of magnetic ﬂuids \[[@B6]\].

In clinical applications of magnetic fluid hyperthermia for cancer treatment, it is very important to ensure maximum damage to the tumor while protecting the normal tissue. In magnetic fluid hyperthermia, the magnetic nanoparticles are delivered to the tumor. Two techniques are currently used to deliver particles to a tumor. First is to deliver them to the tumor vasculature through its supplying artery; however, this method is not effective for poorly perfused tumors. Moreover, for a tumor with an irregular shape, inadequate particle distribution may cause under-dosage of heating in the tumor or overheating of the normal tissue. The second approach is to directly inject them into the extracellular space in tumors. They diffuse inside the tissue after injection of ferroﬂuid. If the tumor has an irregular shape, multisite injection can be exploited to cover the entire target region \[[@B5]\].

Experiments on magnetic particle diffusion in Agarose gel and animal tissue were performed to study their migration in gel and to evaluate the local blood perfusion rate and amount of nanofluid delivered to target region by Salloum et al \[[@B7], [@B8]\].

The improvement of mathematical models for heat transfer in living tissues has been a topic of interest for various biologists, physicians, mathematicians and also engineers. The accurate explanation of the thermal interaction between vasculature and tissues is necessary for the encroachment of medical technology in treating fatal diseases such as tumor \[[@B2], [@B9]-[@B11]\].

The Pennes bio-heat transfer equation model has been broadly used among different bio-heat models \[[@B12]\]. This model shows the effect of blood perfusion as a temperature-dependent heat sink term and practically simulate convection heat transfer of blood. It is assumed that the blood perfusion effect is homogeneous and isotropic, and that thermal equilibration occurs in the micro-circulatory capillary bed. Due to the complication of tissues and their complex geometry, exact solutions are not available in many cases \[[@B13]\].

Baish proposed a new model to simulate heat transportation tissue with a tree-like distribution of thermally signiﬁcant vessels \[[@B14]\]. This model used an algorithm to simulate the geometry of a realistic vascular tree, and solved the conjugate heat transfer problem of convection by the blood coupled to three dimensional conduction in the tissue along the vascular tree \[[@B15]-[@B17]\]. For a given application, this model must include a sufﬁciently detailed representation of the vasculature to predict the temperature ﬁeld. On the other hand, some researchers have investigated heat transfer in biological tissue by using the theory of porous media to simplify the vascular structure of the tissue \[[@B18], [@B19]\].

In many practical applications, numerical models such as the finite element method\[[@B20], [@B21]\], finite difference method \[[@B22], [@B23]\] and Monte Carlo method \[[@B24], [@B25]\], lattice Boltzmann method are used \[[@B26]\]. In the most of numerical studies, homogenous nanoparticles distribution or heat generation inside tumor and healthy tissue have been considered. In similar works, like Dughiero et al \[[@B27]\], an automated procedure of optimization is used, based on evolutionary computing and finite element analysis in order to find the position of multiple NPs injections determining a tumor temperature close to the therapeutic value. They assumed spatial function of the NPs concentration with a Gaussian shape and regular geometry of tumor. Pavel et al \[[@B28]\] performed a systematical variation of tumor diameter and particle dosage for every physical parameter of above mentioned tumor tissues (e.g., tissue density, tumor/tissue perfusion rate). By this systematization they intended to understand the interdependence of these parameters and their effects on hyperthermia therapy. They considered three models to investigate. The first model designed a cubical region, two blood vessels with a diameter of 0.5 *mm* and 1.2 *mm*, respectively were located at 7.5 *mm* each from the tumor border and tumor was configured as a perfect sphere. In the second model computed, they assumed the presence of one blood vessel more of 2.8 *mm* in diameter, near to the tumor region at 1--2 *mm* distance from it \[[@B29]-[@B32]\]. In the third model, they estimated the variation of tumor border temperature when the tumor diameter is varied for different concentration of magnetic material and different loss power. The nanoparticles were randomly concentrated in 6 regions of 0.9 *mm* diameter each inside the tumor area.

In This study, COMSOL Multiphysics was employed to solve heat transfer equation. First, by comparing experimental data with calculated temperature regarding to heat generation inside an agar gel, the numerical procedure is validated.

Particular attention is given to the inﬂuence of the collective behaviors of nanoparticles in suspension \[[@B33]\].

Since nanoparticle distribution in tumors is a main factor determining the resulting heating pattern and therapeutic outcome of a magnetic hyperthermia treatment, by using determined nanoparticles distribution proposed by Salloum et al \[[@B7]\] and power dissipation equation, we calculated heat generation source in heat transfer equation and abled to find temperature variation inside Agarose gel. The main advantage of this work is using real particles distribution and finding heat generation inside the gel according to several parameters like spatial coordinates, magnetic field frequency and amplitude. It is evident that velocity injection rate, gel concentration effect particles distribution and eventually heat generation distribution.

Methods
=======

In anatomical studies, the vascular structure of a tumor has been found to be different from that of normal tissue \[[@B34]\]; the geometry of the vasculature in tumors is very complicated and quantitative data on this irregular structure is sparse. Therefore, the vascular structures of tumor and normal tissue have been assumed to be the same in order to simplify the physical model. Based on this assumption, the entire domain, including tissue and tumor, is taken to be a cylinder. See [figure 1](#F1){ref-type="fig"}.

![Schematic of coil and sample.](jbpe-4-151-g001){#F1}

Blood effect has been modeled as an isotropic heat source or sink which is proportional to blood flow rate and the difference between the body core temperature and local tissue temperature by Pennes \[[@B12]\]. Therefore, He suggested a model to describe the effects of metabolism and blood perfusion on the energy balance within tissue. These two effects were incorporated into the standard thermal diffusion equation, which is written in its simplified form as:

$$k\nabla^{2}\text{T} - {w}_{b}\rho_{b}c_{pb}\left( {\text{T} - \text{T}_{b}} \right) + {Q}_{m} + {Q}_{s} = \rho c_{p}\frac{\partial\text{T}}{\partial t}\mspace{9mu}\left( \text{1} \right)$$

where *ρ*, *c~p~* and k are the density, the speciﬁc heat, and the thermal conductivity of the tissue, respectively. T is the temperature, t the time, *w~b~*,*ρ~b~*,*c~bp~* and *T~b~* are the perfusion, the density, the speciﬁc heat and the temperature of the blood, and *Q~m~* are the metabolic heat generation of the tissue and the *Q~s~* distributed volumetric heat generation due to spatial heating.

Pennes performed a series of experimental studies to validate his model. Validations have shown that the results of Pennes bio-heat model are in a reasonable agreement with the experimental data \[[@B12]\].

It is clear that the distribution of nanoparticles will affect the heat source distribution inside tissue. Hence, considering the particles distribution inside of tissue is essential, for this purpose, we should know about power dissipation of particles for different distributions. The power dissipation of magnetic nanoparticles which are subjected to an alternating magnetic field is expressed as equation 2 \[[@B35], [@B36]\]:

$$\text{P} = \pi\mu_{0}x_{0}\text{H}_{0}^{2}f\frac{2\pi f\tau}{1 + \left( {2\pi f\tau} \right)^{2}}\mspace{9mu}\left( 2 \right)$$

where *µ*~0~=4*π*×10^-7^ *T.m*/*A* is the permeability of free space, *x*~0~ is the equilibrium susceptibility, *H*~0~ and *f* are the amplitude and frequency of the alternating magnetic field and *τ* is the effective relaxation time, given by equation (3):

$$\tau^{- \text{1}} = \tau_{N}^{- 1} + \tau_{B}^{- 1}\mspace{9mu}\left( 3 \right)$$

where *τ~N~* and *τ~B~* are Néel and the Brownian relaxation time, respectively. *τ~N~* and *τ~B~* are calculated as follow, equations ((4) and (5)):

$$\tau_{N} = \frac{\sqrt{\pi}}{2}\tau_{0}\frac{\text{exp}\left( \Gamma \right)}{\sqrt{\Gamma}}\mspace{9mu}\left( 4 \right)$$

$$\tau_{B} = \frac{3\eta\text{V}_{\text{H}}}{k\text{T}}\mspace{9mu}\left( 5 \right)$$

where, the shorter time constant tends to dominate in determining the effective relaxation time for any given size of particle. *τ*~0~ is the average relaxation time in response to a thermal fluctuation, *η* is the viscosity of medium, *V~H~* is the hydrodynamic volume of Magnetic nanoparticles. *k* is the Boltzmann constant, 1.38×10^-23^ *JK*^-1^, and *T* is temperature. Here, Г=*KV~M~*/ *kT* where *K* is themagnetocrystalline anisotropy constant and *V~m~* is the volume of Magnetic nanoparticles. The Magnetic nanoparticles volume *V~M~* and the hydrodynamic volume including the ligand layer *V~H~* are written as:

$$\text{V}_{\text{H}} = \frac{\pi\left( {\text{D} + 2\delta} \right)^{3}}{6}\mspace{9mu}\left( 6 \right)$$

$$\text{V}_{\text{M}} = \frac{\pi\text{D}^{3}}{6}\mspace{9mu}\left( 7 \right)$$

where, *D* is the diameter of magnetic nanoparticles and *δ* is the ligand layer thickness.

The equilibrium susceptibility *x*~0~ is assumed to be the chord susceptibility corresponding to the Langevin equation

$$\frac{\text{M}}{\text{M}_{s}} = \text{coth}\xi - \frac{1}{\xi}$$

 and expressed as:

$$x_{0} = x_{\text{i}}\frac{3}{\xi}\left( {\text{coth}\xi - \frac{1}{\xi}} \right)\mspace{9mu}\left( 8 \right)$$

where,

$$\xi = \frac{\mu_{0}{M}_{d}H{V}_{M}}{kT}$$

, *H=H*~0~*cos*(*ωt*), *ω*=2*πf*, *M~s~=ϕM~d~* and *ϕ* is volume fraction of magnetic nanoparticles. Here, *M~d~* and *M~s~* are the domain and saturation magnetization, respectively. The initial susceptibility is given by:

$$x_{i} = \frac{\mu_{0}{\phi M}_{d}^{2}{V}_{M}}{3kT}\mspace{9mu}\left( 9 \right)$$

The difficulty of visualizing the nanofluid dispersion is one of the challenges in assessing the energy generation induced in animal tissue. Up to this date, gels are basically the only transparent porous materials that are equivalent to animal tissue for in vitro studies despite the fact that gels are homogeneous in comparison to the complicated tumor morphology \[[@B7]\]. In fact, the tumor extracellular space convection/diffusion properties are found to be similar to the Agarose gel \[[@B26]\].

Results and Discussion
======================

Verification
------------

To verify our model in COMSOL, an experimental setup has been used. For this matter 0.3 *cc* of magnetite nanofluid of *Fe*~3~*O*~4~ with 7% concentration was poured in 6.7 *cc* of 1% agar gel solution in 60 °*C* temperature. This procedure was employed to have a uniform disperse medium of nanoparticles inside gel. The solution was loaded into a cylindrical transparent container and cooled further to room temperature (20°*C*) until solidification. A radiofrequency electromagnetic field is applied to the solution. For measuring temperature inside gel, prototype was took out every 120 seconds from inside coils to record temperature at center of the cylinder.

Properties of *Fe*~3~*O*~4~ magnetic nanoparticles, agar gel and magnetic field are listed on [table 1](#T1){ref-type="table"}. Equation (2) for heat generation inside medium was employed to volumetric heat generation inside gel.

###### 

Properties of magnetic field, nanoparticles and agar gel.

  **Physical Property**           **Symbol**   **Value**
  ------------------------------- ------------ ------------------
  Frequency                       f            164 (kHz)
  Amplitude                       H~0~         1.2 (kAm^-1^)
  Magnetocrystalline Anisotropy   K            9 (kJ m^-3^)
  Saturation Magnetization        M~s~         300 (gauss)
  Nanoparticles Diameter          D~np~        8 (nm)
  Nanoparticles Heat Capacity     C~np~        670 J (kg K)^-1^

Geometry of whole gel with nanoparticles considered as an axial finite cylinder with *D~i~*=1.4 *cm* radius and *h*=4.5 cm height and container thickness is *t*=1 *mm*. According to unsteady heat transfer, equation (10) and (11) define the transient heat transport inside gel and container.

$$k_{1}\frac{1}{\text{r}^{2}}\frac{\partial}{\partial\text{r}}\left( {\text{r}^{2}\frac{\partial\text{T}_{1}}{\partial\text{r}}} \right) - k_{1}\frac{\partial}{\partial z}\left( \frac{\partial\text{T}_{1}}{\partial z} \right) + {Q}_{s} = \left( {\rho c} \right)_{1}\frac{\partial\text{T}_{1}}{\partial t}\mspace{9mu}{for}\mspace{9mu} 0 < r < {R}_{i}\mspace{9mu}{and}\mspace{9mu} 0 < z < h\mspace{9mu}\left( \text{10} \right)$$

$$k_{1}\frac{1}{\text{r}^{2}}\frac{\partial}{\partial\text{r}}\left( {\text{r}^{2}\frac{\partial\text{T}_{2}}{\partial\text{r}}} \right) - k_{2}\frac{\partial}{\partial z}\left( \frac{\partial\text{T}_{2}}{\partial z} \right) + {Q}_{s} = \left( {\rho c} \right)_{2}\frac{\partial\text{T}_{2}}{\partial t}\mspace{9mu}{for}\mspace{9mu}{R}_{i} < r < {R}_{\text{o}}\mspace{9mu}{and}\mspace{9mu} 0 < z < h\mspace{9mu}\left( \text{11} \right)$$

Here, in equations (10) and (11) *R~i~= D~i~* / 2 and *R*~0~*= D~i~* / 2+*t* are gel and container radius, and subscripts 1 and 2 are gel and container, respectively. In this step, the properties of the gel with dispersed nanoparticles are taken as follows \[25\]: *ρ~mix~* = *ϕρ~rp~* + (1- *ϕ*) *ρ~gel~*, *ρ~gel~* = 1000 *kgm*^-3^, *k*~1~ = *k*~2~ = 0.50 *W m*^-1^*K*, *c~mix~* = *ϕc~gel~* + (1- *ϕ*)*c~gel~*, *c~gel~*=4180 *J* (*kg K*)^-1^,*T*~0~ =*T*~0,1~=*T*~0,2~=293.15*K*, and volume fraction, *ϕ*=0.003. Calculated properties of heat capacity, density and heat conductivity listed in [table 2](#T2){ref-type="table"}. As was explained, our prototype is a homogenous medium of nanoparticles and agar gel, therefore heat generation inside gel by equation (2) would be *P* =0.11×10^5^ *W*/*m*^3^.

###### 

Properties of medium contain nanoparticles.

  -------------------------------------------------------------
  **Physical Property**   **Symbol**   **Value**
  ----------------------- ------------ ------------------------
  Mixture Heat Capacity   c~mix~       3890.31 (Jkg^-1^K^-1^)

  Mixture Heat\           k~mix~       0.566 (Wm^-1^k^-1^)
  Conductivity                         

  Mixture Density         ρ~mix~       1011.85 (kg m^-3^)
  -------------------------------------------------------------

The related boundary conditions are:

$$\frac{\partial\text{T}_{1}}{\partial\text{r}}\left( {0\text{,}t} \right) = 0\mspace{9mu}\left( \text{12} \right)$$

$$\text{T}_{1}\left( {\text{R}_{\text{i}}\text{,}z\text{,}t} \right) = \text{T}_{2}\left( {\text{R}_{o}\text{,}z\text{,}t} \right)\mspace{9mu}\left( \text{13} \right)$$

$$k_{1}\frac{\partial\text{T}_{1}}{\partial\text{r}}\left( {{R}_{i}\text{,}z\text{,}t} \right) = k_{2}\frac{\partial\text{T}_{2}}{\partial r}\left( {{R}_{\text{i}}\text{,}z\text{,}t} \right)\mspace{9mu}\left( \text{14} \right)$$

$$k_{2}\frac{\partial\text{T}_{2}}{\partial\text{r}}\left( {{R}_{o}\text{,}z\text{,}t} \right) = {h}_{air}\left( {\text{T}_{2} - \text{T}_{air}} \right)\mspace{9mu}\left( \text{15} \right)$$

Here *T~air~* = 293.15 *K* and *h~air~* = 10 *Wm*^-2^*K*^-1^. Initial conditions were:

$$\text{T}_{1}\left( {r\text{,}z\text{,}0} \right) = \text{T}_{0}\mspace{9mu}\left( \text{16} \right)$$

$$\text{T}_{2}\left( {r\text{,}z\text{,}0} \right) = \text{T}_{0}\mspace{9mu}\left( \text{16} \right)$$

[Figure 2](#F2){ref-type="fig"} shows temperature versus time inside computational domain inside gel. There are good agreements between both computational method experimental data till 800 seconds, but after that temperature difference with experimental results becomes bigger. According to Golneshan et al \[[@B25]\] and Rodrigues et al \[[@B37]\] temperature became steady after some time.

![Experimental setup of dispersed nanoparticles inside gel and coils (left), Temperature contours for simulation after 1080 s (right).](jbpe-4-151-g002){#F2}

Numerical study for different nanoparticles distribution and gel concentration
------------------------------------------------------------------------------

An axisymmetric assumption for geometry and particles distribution has been made (in [figure 3](#F3){ref-type="fig"} *h*=0.05 *m*, *b*=0.0125 *m*, *r*= 0.0212 *m*). [Figure 4](#F4){ref-type="fig"} demonstrates sample tissue and injection site of nanoparticles into the gel. Distributions of the nanoparticles are illustrated in [figure 5](#F5){ref-type="fig"} for various combination of the gel concentrations and flow rates (from Salloum et al \[[@B7]\]). Regarding of distribution of particles, magnetic nanoparticles power dissipation was calculated by equation 2. For this case, the Magnetite nanoparticle properties are as follows: *d*=10 *nm*, *ρ*=5240 *kgm*^-3^, *c~p~* = 670 *J*(*kgK*)^-1^, ligand layer *δ*=1 *nm*, and 0.3 *cc* ferrofluid solution. For heat generation calculation inside gel we considered a magnetic field with these characteristics: amplitude of alternating magnetic field, *H*~0~=3 *kAm*^-1^, frequency of alternating magnetic field, *f*=325 *kHz*, dynamic viscosity of medium, *η*=0.001 *Pas*, average relaxation time, *τ*~0~=10^-9^ *s*, domain magnetization *M~d~*=4.46×10^5^ *kAm*^-1^, anisotropy constant, *K*=9×10^3^ *kJm*^-3^.

![Temperature versus time at center of cylinder.](jbpe-4-151-g003){#F3}

![Geometry of considered injection site.](jbpe-4-151-g004){#F4}

![(A) Nanoparticles distribution at different gel concentration with 3 *µL / min* infusion velocity (B) Nanoparticles distribution for different infusion velocity at 0.2% gel concentration.](jbpe-4-151-g005){#F5}

[Figure 6](#F6){ref-type="fig"} and [figure 7](#F7){ref-type="fig"} display variations of temperature along center line. As it has been expected, maximum temperature occurs at the most concentrated areas, and by increasing gel concentration form 0.5% to 2% maximum temperature gets closer to semi spherical maximum value.

![Temperature versus distance from top of the cylinder at centerline for different gel concentration at 3 *µL / min* infusion velocity.](jbpe-4-151-g006){#F6}

To see how injection rate effected temperature trend on the centerline of cylinder, [figure 6](#F6){ref-type="fig"} has been drawn. By increasing flow rate actually there are no big differences among temperature distribution .However, infusion velocity 4 *µL* *min*^-1^ has a higher maximum temperature in comparison with others.

[figures 8](#F8){ref-type="fig"} and [9](#F9){ref-type="fig"} indicate steady state temperature distribution inside gel at cylinder center line and at the maximum temperature position. As it can be seen from [figure 7](#F7){ref-type="fig"} with increasing concentration there is no regular pattern. From 0.5% to 2% concentration, mean temperature increases and from 2% to 4% concentration there is a decrement. In comparison to semi spherical distribution, 2% concentration curve has higher temperature in radial direction except region near center line.

![Temperature versus distance from top of the cylinder at centerline for different infusion velocity at 0.2% concentration.](jbpe-4-151-g007){#F7}

![Temperature versus distance from centerline for different gel concentration at 3 *µL / min* infusion velocity.](jbpe-4-151-g008){#F8}

![Temperature versus distance from centerline for different infusion velocity at 0.2% concentration.](jbpe-4-151-g009){#F9}

[Figure 9](#F9){ref-type="fig"} displays the temperature distribution versus radius for 0.2% concentration. Spreading with semi spherical shape has upper mean temperature than other forms and its maximum value is 41.91 °*C*. Also, by increasing injection rate maximum temperature drops from 41.13 °*C* to 38.37 °*C*.

Conclusion
==========

This study investigated the temperature and the thermal dose response of a biological tissue undergoing hyperthermia therapy, through using experimental results of the infusion flow rate and gel concentration reported by Salloum et al \[[@B7]\]. First by assuming exponential heat generation distribution our model has been verified. The results were in good agreement with data stated by Barba et al \[[@B27]\]. Moreover, by using experimental results done by Salloum et al \[[@B4]\], temperature variation has been plotted for several condition. First because of axisymmetric geometry and physics temperature variation along center line has been displayed and by finding maximum temperature location, temperature distribution along radial direction has been shown.
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